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TECHNICAL MEMORANDUM X-53565 

. 

. 

THE INFLUENTIAL ASPECTS OF ATMOSPHERIC DISTURBANCES ON 

SPACE VEHICLE DESIGN USING STATISTICAL APPROACHES FOR ANALYSIS 

SUMMARY 

The i n f l u e n t i a l  a spec t s  of va r ious  wind p r o f i l e  d i s turbances  on 
the  dynamic response of the v e h i c l e  a r e  considered.  P a r t i c u l a r  emphasis 
i s  given t o  sepa ra t ing  the  inf luence  of wind s h e a r s ,  turbulence and 
quasi-s teady wind  speed on the dynamic response during the  boost  phase 
of f l i g h t .  Four hundred and seven ind iv idua l  d e t a i l e d  (Jimsphere) wind 
p r o f i l e s  are the  primary wind i n p u t s ,  a l though the  MSFC s y n t h e t i c  pro- 
f i l e  is  a l s o  d iscussed .  The time response t o  each p r o f i l e  is  run and a 
s t a t i s t i c a l  a n a l y s i s  made. Severe p r o f i l e s  a r e  ranked i n  terms of the 
bending moment a t  two v e h i c l e  s t a t i o n s  f o r  the  Sa turn  V v e h i c l e .  The 
inf luence  of r e s u l t s  on v e h i c l e  design and f l i g h t  ope ra t iona l  procedures 
is determined. 

I. INTRODUCTION 

Launch v e h i c l e  des ign  and f l i g h t  ope ra t ion  procedures a r e  d i c t a t e d  
by many e x t e r i o r  d i s turbances  and f l i g h t  c o n s t r a i n t s .  A major d i s t u r b -  
ance occurs  f o r  launch veh ic l e s  i n  space s h o t s  because,  i n  gene ra l ,  they 
experience maximum dynamic p res su re  during an a l t i t u d e  of high w i n d  
v e l o c i t y  and turbulence.  Thus, i n f l i g h t  atmospheric winds become a 
major cons ide ra t ion  i n  v e h i c l e  design and ope ra t ion ,  The problems t o  
be considered because of these  d is turbances  are (1) s t r u c t u r a l  des ign ,  
(2)  con t ro l  system des ign ,  (3) s l o s h  b a f f l e  des ign ,  and ( 4 )  opera t iona l  
procedures such as wind r e s t r i c t i o n s ,  t r a j e c t o r y  b i a s ing ,  and prelaunch 
monitor ing . 

These d e f i n i t i o n s  a r e  complicated by the  u n p r e d i c t a b i l i t y  of t he  
v e h i c l e  c h a r a c t e r i s t i c s ,  which r equ i r e s  s t a t i s t i c a l  des ign  s t u d i e s  based 
on a 30 v a r i a t i o n  of appropr i a t e  parameters.  S t a t i s t i c s  of the  wind 
inpu t  i nc rease  the s tudy  e f f o r t s  as a t tempts  a r e  made t o  d e f i n e  the  wind 
components (speed, shea r ,  g u s t )  and t h e i r  i n f luence ,  Previous ly ,  the 
MSFC s y n t h e t i c  wind p r o f i l e  has been used f o r  t h i s  d e f i n i t i o n .  Although 
i t  is a simple input  t o  use,  t he re  is a shor t age  of r e a l  information on 
the  e f f e c t s  of va r ious  wind components on v e h i c l e  response.  In  some 
cases ,  misleading information has been obtained through misuse of the  
approach. For example, t he  use of load r e l i e f  using body-fixed 



accelerometers  showed a 20 percent  r educ t ion  i n  bending moment when con- 
t r o l  system ga ins  were programmed using the  s y n t h e t i c  p r o f i l e .  Using 
many ind iv idua l  winds produced only a 7 percent  reduct ion  i n  moment f o r  
the  same system. In  a t tempts  t o  overcome these  problems many approaches 
have been used f o r  wind d e f i n i t i o n s ,  v e h i c l e  models, and a n a l y s i s .  
Although each of these  have added information t o  o v e r a l l  v e h i c l e  response 
and wind i n t e r a c t i o n ,  they lack  con t inu i ty  and a c l e a r  base.  

This s tudy  a t tempts  t o  e l imina te  these  b a s i c  shortcomings by using 
(1) an adequate  v e h i c l e  model, ( 2 )  c o n s i s t e n t  wind inputs  and turbulence 
d e f i n i t i o n ,  (3) accura t e  procedures f o r  a n a l y s i s ,  and ( 4 )  c o n s i s t e n t  
c r i t e r i a  f o r  eva lua t ion  of e f f e c t s .  

This s tudy  s a t i s f i e s  the  v e h i c l e  model requirement by using a 
d e t a i l e d  mathematical model of the t o t a l  v e h i c l e  dynamics inc luding  bend- 
ing dynamics and p rope l l an t  o s c i l l a t i o n s .  
requirements ,  t he  ind iv idua l  wind p r o f i l e s  have been separa ted  i n t o  low 
frequency components (magnitude) and h igh  frequency components ( turbulence) .  
This r e s u l t s  i n  th ree  p r o f i l e s ,  the u n f i l t e r e d ,  f i l t e r e d ,  and turbulence,  
f o r  use i n  s tudying  v e h i c l e  responses ,  

To s a t i s f y  the  wind f i e l d  

Solu t ions  of the  v e h i c l e  responses were obtained using the fol lowing 
th ree  procedures:  (1) numerical i n t e g r a t i o n  of the  equat ions of motion, 
(2 )  analog computer s o l u t i o n ,  and (3)  genera l ized  harmonic a n a l y s i s  f o r  
the  turbulence po r t ion .  Vehicle response is  evaluated i n  terms of v e h i c l e  
response parameters,  angle  of a t t a c k ,  engine d e f l e c t i o n ,  bending moment, 
and u n i t  compressive load.  

The a n a l y s i s  shows t h a t  turbulence has a s i g n i f i c a n t  in f luence  on 
the  bending moment i n  a r e a s  where t h i s  moment i s  dominated by bending 
dynamics, 

11. SIMULATION 

A. Vehicle Model 

A complete s imula t ion  of a launch v e h i c l e  during atmospheric 
f l i g h t  r e q u i r e s  the  simultaneous genera t ion  of the  t r a j e c t o r y ,  wind 
inpu t s ,  and v e h i c l e  dynamics. Since t h i s  much d e t a i l e d  s imula t ion  
r equ i r e s  l a r g e  amounts of computer time o r  excess ive  analog equipment, 
a complete s imula t ion  is  imprac t ica l  f o r  genera l  parameter s t u d i e s .  A 
simpler  and more accu ra t e  approach can be used i f  i t  is assumed that the 
v e h i c l e  dynamics due t o  wind d is turbances  do no t  a l t e r  the t r a j e c t o r y .  
This assumption is good f o r  the  yaw plane.  
o r i g i n  of the  coord ina te  system is chosen t o  be a t  the undisturbed 

Under these  condi t ions ,  the  

2 



v e h i c l e  cen te r  of g r a v i t y  and i t s  o r i e n t a t i o n  along the  tangent  t o  the 
t r a j e c t o r y  poin t ing  i n  the  d i r e c t i o n  of the  nominal t h r u s t  v e c t o r .  The 
t r a n s l a t i o n  of the  coord ina te  system is e l imina ted  by r ep lac ing  i t  wi th  
a n  equ iva len t  g r a v i t a t i o n a l  f i e l d .  The slow r o t a t i o n  of the coord ina te  
system fol lowing the  t r a j e c t o r y  is n e g l i g i b l e .  Since the  v e h i c l e  is 
symmetrical ,  no cross-coupl ing between p i t c h  and yaw planes is  p re sen t ;  
thus ,  t he  assumed yaw plane a n a l y s i s  is a p p l i c a b l e  (Figure 1). 

Y 

X 

Figure 1. Coordinate System 

Acting on the  v e h i c l e  are aerodynamic, t h r u s t ,  and con t ro l  f o r c e s .  
The aerodynamic fo rces  measured o r  ca l cu la t ed  along the  long i tud ina l  
v e h i c l e  a x i s ,  a r e  quas i - s teady ,  based on normal f o r c e  d i s t r i b u t i o n ,  and 
a r e  considered t o  vary  l i n e a r l y  wi th  the  l o c a l  angle  of a t t a c k .  Because 
g u s t  pene t r a t ion  and l i f t  growth e f f e c t s  are small f o r  Sa turn  V, they are 
neglec ted .  The t h r u s t  fo rce  is provided by f i v e  l i q u i d  p rope l l an t  
engines ,  four  of which swivel  t o  provide the  l a t e r a l  con t ro l  fo rce ,  
which is  discussed i n  Sec t ion  V. 

3 



The l i q u i d  p rope l l an t  dynamics a r e  represented  by an equ iva len t  
mechanical model cons is t i n g  of an  assembly of sp r ings  dashpots ,  masses 
and i n e r t i a l  d i s c s  arranged i n  such a way as t o  r ep resen t  dynamic 
behavior of the  s lo sh ing  l i q u i d  (Figure 2 ) .  This model exac t ly  d u p l i -  
c a t e s  the fo rces  and moments determined from the hydrodynamical so lu-  
t i o n ,  and accu ra t e ly  reproduces the  o s c i l l a t i n g  f l u i d  in so fa r  as the  
assumptions made f o r  the  hydrodynamic s o l u t i o n s  a r e  va l id  f o r  an  incom- 
p r e s s i b l e  i r r o t a t i o n a l  f l u i d  wi th  only small d is turbances  allowed. The 
e f f e c t s  of s lo sh ing  on bending (and v i c e  v e r s a ) ,  which a r e  assumed t o  
a c t  through the s l o s h  mass a t t a c k  po in t  and s p r i n g ,  should be accu ra t e  
as long as l o c a l  loads a r e  of no concern. 

c/2 I c’2 

& 
O f  

* = -!l tonh 9 
O f  

Figure 2 .  Slosh Model 
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I -  

The bending e f f e c t s  of the  launch v e h i c l e  s t r u c t u r e  a r e  
approximated by the supe rpos i t i on  of s e v e r a l  f r e e - f r e e  normal mode 
shapes by 

which de f ines  the displacement of the  v e h i c l e  c e n t e r l i n e  (Figure 3 ) .  
The normal modes a r e  computed wi th  the swivel ing engine masses removed, 
b u t  the  l i q u i d  p rope l l an t  mass is included.  Control of the v e h i c l e  is  
maintained by swivel ing the engines ,  using a hydrau l i c  a c t u a t o r  f o r  
pos i t i on ing .  The a c t u a t o r  p o s i t i o n  i s  detefmined from a con t ro l  l a w  
formulated t o  produce des i r ed  response and s t a b i l i t y  c h a r a c t e r i s t i c s .  
The con t ro l  l a w  r e s u l t s  from a proper choice o f  ga ins  a t tached  t o  the  
output  s i g n a l  from va r ious  con t ro l  sensors ,  whose s i g n a l s  are summed 
and fed d i r e c t l y  t o  the  a c t u a t o r s  (Figure 4 ) .  

1st Mode 

2nd Mode 
- v  

Figure 3 .  Bending Mode Def l ec t ion  Curves 
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Vehicle Dynamics 

Figure 4 .  Block Diagram of Control S y s t e m  

I 

, The con t ro l  system used i n  t h i s  a n a l y s i s  is def ined by a con- 
I t r o l  l a w ,  & ,  i n  the  fol lowing manner: 

1 . .  
U n 

where 

9. is the ind ica ted  p o s i t i o n  e r r o r  
1 

is  the ind ica ted  p o s i t i o n  r a t e ,  and 
R 

A .  is  the ind ica ted  normal a c c e l e r a t i o n .  
1 

The symbols a,, al,  and g2, r ep resen t  the  con t ro l  ga ins  f o r  these  
sensors .  
the c h a r a c t e r i s t i c s  of var ious  networks designed f o r  s t a b i l i t y  purposes ,  
and A ( s )  is the  t r a n s f e r  func t ion  which desc r ibes  the  engine a c t u a t o r  
c h a r a c t e r i s t i c s .  The t r a n s f e r  func t ions  used i n  t h i s  s t u d y  a r e  as 
follows : 

The Ti ( s )  (i = 1, 2 ,  3 )  a r e  t r a n s f e r  func t ions  which desc r ibe  
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Gyro = 1 

I .  

, 

I -  

4 

Rate = 1 / ( 1  + B,s + B s ' )  

Accelerometer = 1/(1 + 2 0 s ) .  

Both a n  a t t i t u d e - o n l y  and a body-fixed accelerometer  system 
a r e  s tud ied .  The a t t i t u d e - o n l y  system occurs when g, i s  s e t  equal t o  
zero i n  the  con t ro l  system equat ion and appropr i a t e  networks T l ( s )  and 
T2(s)  i n s e r t e d .  Varying g, a l lows o ther  systems t o  be s tud ied .  

Based on the  assumptions given above f o r  the coord ina te  system, 
f o r c e s ,  p rope l l an t  and bending dynamics, and con t ro l  system, the equa- 
t i o n s  of motion a r e  derived 

105.28 

96.27 

88.72 

80.24 
79.32 
76.22 

69.39 
67.23 
64.67 
61.44 
58.09 

4 4.40 

39.72 
36.60 
33.04 

20.62 

12.75 

6.73 

0 

4241 

3890 

3594 

3259 
3223 
3101 

2832 
2747 
2646 
2519 
2387 

1848 

1664 
1541 
1401 

9 12 

602 

365 

f o r  the Sa turn  V launch v e h i c l e  (Figure 5 ) .  

GIMBAL 

METERS INCHES 

Figure 5 .  Saturn  V Vehicle Configurat ion 
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The model used i n  t h i s  a n a l y s i s  includes the following: 

(1) r i g i d  body t r a n s l a t i o n  (y) 

( 2 )  r i g i d  body r o t a t i o n  (9) 

(3) engine compliance mode (&) 
( 4 )  sensor  dynamics (&, Ai) 

(5) t h ree  p rope l l an t  o s c i l l a t i o n  modes ( tanks)  ( E  ) 

( 6 )  

( 7 )  con t ro l  (B,). 

S 

two e l a s t i c  body modes (qi) 

The d i f f e r e n t i a l  equat ions descr ib ing  the  system a r e  l i s t e d  
i n  the appendix. 

B. Load Ind ica to r  

The t o t a l  load due t o  a l l  forces  a c t i n g  on the  v e h i c l e  s t r u c t u r e  
is a d i r e c t  ou tput  of the  s imula t ion .  This load i n d i c a t o r  can be calcu-  
l a t e d  d i r e c t l y  during s imula t ion  as e i t h e r  the  l a t e r a l  bending moment o r  
u n i t  compressive and tens ion  loads .  A d i r e c t  c a l c u l a t i o n  of the  load 
i n d i c a t o r  i n  t h i s  fash ion  insures  c o r r e c t  phasing of a l l  i n t e r a c t i n g  
responses  and the  v e h i c l e  con t ro l  system. The bending moment o r  u n i t  
compressive load r e s u l t s  from i n e r t i a l  fo rces ,  aerodynamic f o r c e s ,  and 
engine s i d e  f o r c e s ,  and can be used as the  load i n d i c a t o r .  The bending 
moment equat ion is 

M (x) = fir’ (x) a ( t )  + fi’ (x) B(t)  4- $,(x) y ( t )  4- fiI.(x) q( t )  -I- s: (x) $ ( t )  
B a B Y Cp Cp 

n - n - n - 
+ 1 M1 JX) Vj( t )  + 1 M: (x) i j ( t )  + fil. (x) i j j ( t )  

j=1 ‘J j=1 ‘j j=1 ‘j 

3 
c1 

I f  terms of small magnitude, v j ,  t j ,  4, a r e  neglected and i f  
s u b s t i t u t i o n  is ,made f o r  t r a n s l a t i o n a l  and r o t a t i o n a l  a c c e l e r a t i o n  i n  
terms of t h e i r  source,  t h i s  equat ion can be s impl i f i ed  [ l ] .  Since the  

a 



major causes  of t hese  a c c e l e r a t i o n s  are aerodynamic and con t ro l  f o r c e s ,  
t he  t r a n s l a t i o n a l  a c c e l e r a t i o n  can be expressed as-  

A similar express ion  f o r  the  r o t a t i o n a l  a c c e l e r a t i o n  is 

S u b s t i t u t i n g  these  expressions i n t o  the  bending moment equa- 
t i o n  r e s u l t s  i n  a s impl i f i ed  expression:  

Rig i d  
Bending Dynamics 

m 

Sloshing Dynamics 
T 

A 3 
m 

+ 1 MI. (x) Fs ( t )  . ( 6 )  
6s 

s=l 

I n  t h i s  form, va r ious  e f f e c t s  of the  bending moment can be completely 
sepa ra t ed .  A t y p i c a l  s e t  of the  bending moment c o e f f i c i e n t s  is shown 
i n  Figures  6 and 7 .  

The t o t a l  u n i t  compressive load ,  N c ,  is a more c q p r e h e n s i v e  
load i n d i c a t o r .  The equat ion  f o r  the t o t a l  load a t  an  unpressurized 
s e c t i o n  is as fol lows:  
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Figure 6 .  Rigid Body Bending Moment Coef f i c i en t  vs Vehicle S t a t i o n  
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where 

F/m is the long i tud ina l  a c c e l e r a t i o n ,  

k is the  mass supported above the  s t a t i o n  of concern, 

X is  the  aerodynamic drag,  

MB is  the  v e h i c l e  bending moment, and 

D(x) is the l o c a l  v e h i c l e  diameter .  

Both the bending moment and the t o t a l  load s e p a r a t e  the  va r ious  
e f f e c t s  t h a t  c r e a t e  the v e h i c l e  loads ,  and thereby g ive  i n s i g h t  i n t o  the  
d e t a i l s .  

111. W I N D  INPUTS 

Wind inputs  used i n  the  a n a l y s i s  were (1) a n  ensemble of 407 
i nd iv idua l  d e t a i l e d  p r o f i l e s ,  (2)  spectrum of wind turbulence ,  and (3) 
d i s c r e t e  s y n t h e t i c  p r o f i l e s .  

A. Measured P r o f i l e s  

The ind iv idua l  wind p r o f i l e s  used i n  t h i s  s tudy  were measured 
a t  the  Eas te rn  Tes t  Range, F lo r ida ,  by the  FPS-16 radar/J imsphere method 
[ 2 ] .  Four hundred and seven wind p r o f i l e  measurements taken over a 
per iod of a year  were d i s t r i b u t e d  f a i r l y  evenly throughout the e n t i r e  
per iod.  Therefore ,  the da t a  should not  e x h i b i t  a seasonal  o r  monthly 
b i a s .  

Since t h i s  s tudy  is concerned wi th  the  r e l a t i v e  inf luence  between 
small s c a l e  motions ( turbulence)  and base s c a l e  wind e f f e c t s  (wind magni- 
tude and s h e a r ) ,  i t  is  of i n t e r e s t  t o  know the  accuracy and r e s o l u t i o n  of 
t he  da t a .  The EWS e r r o r s ,  determined by comparing simultaneous t r acks  of 
t he  same ba l loon  f o r  wind speed, a r e  approximately 0.2 t o  0.3 meters per  
second, and about  one degree i n  wind d i r e c t i o n .  The RMS amplitudes of 
t he  small s c a l e  motions a s soc ia t ed  wi th  ind iv idua l  p r o f i l e s  range up t o  
about  t h i r t y  times t h i s  magnitude [ 3 , 4 ] .  The method chosen t o  reduce the  
d a t a  used a f i r s t  degree equat ion t o  smooth the  p o s i t i o n  coord ina tes .  
Average wind speeds were computed f o r  approximately 50-meter l aye r s  and 
p r i n t e d  o u t  a t  25-meter a l t i t u d e  i n t e r v a l s ,  thus providing information 
on the  small s c a l e  motion as w e l l  as the  gross  motion. 
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I The measured wind p r o f i l e s  used i n  t h i s  r e p o r t  a r e  adequate f o r  
most l a r g e  space v e h i c l e  des ign  and ope ra t iona l  s t u d i e s .  The problem is 
incorpora t ing  the  winds i n  the  v e h i c l e  response s t u d i e s  and i n t e r p r e t i n g  
the  da ta .  To compute the  responses of a space v e h i c l e  t o  a s lowly 
changing wind f i e l d  (quasi-s teady-s  t a t e )  as i t  ascends through the  
atmosphere i s  a well-documented and reasonably s t r a igh t fo rward  procedure 
f o r  the  r i g i d  body, and the  problem is not  too complicated f o r  e l a s t i c  
v e h i c l e s .  I n  the  r e a l  case,  where an  e l a s t i c  v e h i c l e  w i th  seve ra l  
degrees of freedom m u s t  be considered and the  t o t a l  wind p r o f i l e  may 
be thought of as being composed of a quas i - s t eady- s t a t e  wi th  super-  
imposed turbulence ,  the problem of computing v e h i c l e  responses becomes 
more d i f f i c u l t .  I n  performing f l i g h t  s imula t ions ,  one of the  major 
problems is  how t o  t r e a t  the small s c a l e  motions ( turbulence) .  

An a t tempt  has been made t o  de f ine  gus t s  ( tu rbulence)  i n  a meaning- 
f u l  way by sepa ra t ing  a d e t a i l e d  wind v e l o c i t y  p r o f i l e  i n t o  two pro- 
f i l e s  on the  b a s i s  of frequency content .  The b a s i c  p r o f i l e  r ep res rncs  
the  t o t a l  wind f i e l d ,  the f i l t e r e d  p r o f i l e  r ep resen t s  the  quasi-s teady-  
s t a t e  wind speeds,  and the d i f f e r e n c e  between these  t w o  r ep resen t s  g u s t  
o r  tu rbulence .  The wind conten t  t o  be f i l t e r e d  out  of the  t o t a l  wind 
p r o f i l e  is  determined by cons ider ing  the  r e l a t i o n s h i p s  between the  rawin- 
sonde and the  FPS-16 radar /J imsphere p r o f i l e s  p l u s  frequency response 
c h a r a c t e r i s t i c s  of t he  v e h i c l e  t o  be used ( i n  our case ,  the  Sa turn  V ) .  
The s t a t i s t i c a l  p r o p e r t i e s  of the  g u s t  p r o f i l e ,  such as normali ty  and 
s t a t i o n a r i t y ,  were a l s o  considered.  A f i l t e r  func t ion  is  def ined s o  
t h a t  t he  r e s u l t i n g  f i l t e r e d  p r o f i l e  approximates the rawinsonde-measured 
p r o f i l e .  
as a func t ion  of g u s t  wave l eng th  [ 5 ] .  

The f i l t e r  func t ion  used i n  t h i s  s tudy  is shown i n  Figure 8 

The separa ted  g u s t  o r  turbulence,  p r o f i l e  conta ins  f requencies  that 
cover the whole frequency spectrum of the e l a s t i c  v e h i c l e .  The s t a -  
t i s t i c a l  d i s t r i b u t i o n  of the g u s t s  is approximately Gaussian, enhancing 
i n t e r p r e t a t i o n  of the v e h i c l e  responses ,  and a l s o  providing a b a s i s  f o r  
a s ses s ing  the  in f luence  of g u s t s  on the v e h i c l e  which a r e  not  measured 
by the rawinsonde method. 

I f  the quas i - s t eady- s t a t e  i s  def ined as the  wind p r o f i l e  approxi-  
mating the rawinsonde-measured p r o f i l e ,  the small s c a l e  motions a r e  s t i l l  
nons ta t ionary  w i t h  a l t i t u d e  [6] because the var iance  of the s m a l l  s c a l e  
motions,  as computed over l imi ted  a l t i t u d e  i n t e r v a l s ,  changes by a 
s i g n i f i c a n t  magnitude wi th in  the  same v e l o c i t y  p r o f i l e .  
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AMPLITUDE 
RATIO, R ( X )  

WAVE LENGTH, X(m) 

Figure 8.  Approximate Response Function f o r  Rawinsonde (G'MD-18) 
System Based on Standard Rawinsonde Reduction Technique 

Since the  c h a r a c t e r i s t i c s  of the small s c a l e  motions vary  wi th  
a l t i t u d e ,  synop t i c  condi t ions ,  e t c . ,  a spectrum of the  small s c a l e  
motions over the  e n t i r e  a l t i t u d e  t o ,  say ,  14 k i lometers  may not be 
r e p r e s e n t a t i v e  of the  spectrum over a sub in te rva l  of t h i s  a l t i t u d e  
range. Since,  i n  designing and opera t ing  space v e h i c l e s ,  the peak 
responses  a r e  of the  most i n t e r e s t ,  i t  is d e s i r a b l e  t o  de f ine  a spec- 
trum of small s c a l e  motions which could be superimposed on the  quas i -  
s t e a d y - s t a t e  wind p r o f i l e  t o  produce a peak v e h i c l e  response equiva len t  
t o  t h a t  obtained from the  t o t a l  wind p r o f i l e .  

An a t tempt  w a s  G d e  t o  de f ine  a spectrum of the small s c a l e  motions 
which could be superimposed on the  quas i - s t eady- s t a t e  p r o f i l e  t o  g ive  
the  same va r i ance  and peak responses  as the t o t a l  p r o f i l e .  The spectrum 
w a s  computed from approximately 400 d e t a i l e d  wind p r o f i l e  measurements by 
comput.ing the  s p e c t r a  a s soc ia t ed  wi th  each p r o f i l e ,  then determining the  
p r o b a b i l i t i e s  of s p e c t r a l  d e n s i t y  as a func t ion  of frequency. Thus, the 
s p e c t r a  r ep resen t  envelopes of s p e c t r a l  d e n s i t y  f o r  the  g iven  p r o b a b i l i t y  
l e v e l .  
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For a l i n e a r  system the peak responses due t o  the  small s c a l e  
motions w i l l  be given approximately by 30, where CJ i s  the  s tandard 
dev ia t ion  of the  output  parameter. This 30 va lue  of the  response is 
then  added t o  the quas i - s teady-s ta te  va lue  of the response t o  ob ta in  
the  t o t a l  response.  

Spectra  a s soc ia t ed  wi th  the  s c a l a r  wind  speed p r o f i l e s  were com- 
puted and used i n  t h i s  a n a l y s i s ,  
t r u m  used (Figure 9 ) .  This spectrum, which w a s  computed by determining 

The following is a p l o t  of the spec- 

-~ ~~ 

Figure 9.  Spec t r a l  Density f o r  Maximum Dynamic Pressure  Region 

the  average 
t r a n s f e r r e d  
the  maximum 
p r o f i l e  w a s  
as input  i n  

s p e c t r a l  d e n s i t y  as a func t ion  of frequency, has been 
from wave numbers t o  frequency i n  v e h i c l e  f l i g h t  time near 
dynamic pressure  reg ion .  
computed over the  e n t i r e  a l t i t u d e  range of the data and used  
computing v e h i c l e  responses .  

The spectrum assoc ia t ed  wi th  each 

B. Syn the t i c  P r o f i l e s  

A s y n t h e t i c  p r o f i l e  is  one which is r e p r e s e n t a t i v e  of any 
measured p r o f i l e  o r  s t a t i s t i c a l l y  designed p r o f i l e  and i s  usua l ly  
determined from quas i - s teady-s ta te  wind speeds,  wind shea r s ,  and 
g u s t s  which a r e  combined t o  r ep resen t  phys i ca l ly  reasonable  condi t ions  
t o  in su re  a h igh  p r o b a b i l i t y  of success  when the  v e h i c l e  is launched. 
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They are cons t ruc ted  by de f in ing  the  quas i - s t eady- s t a t e  wind p r o f i l e  
envelope t h a t  i s  not  exceeded more than,  f o r  example, 5 percent  of t he  
time dur ing  some refere.nce per iod ,  then  d e f i n i n g  a wind bui ldup r a t e  
whose envelope i s  not exceeded more than ,  say ,  1 percent  of  t he  t i m e ,  
and combining these  i n  a s u i t a b l e  way [ 6 ] .  
wi th  the  s t e a d y - s t a t e  wind speed envelope. An idea l i zed  quasi-s teady-  
s t a t e  wind speed envelope r ep resen t ing  the  95 percent  p r o b a b i l i t y  of 
occurrence using a monthly r e fe rence  per iod i s  shown i n  Figure I O ,  
where the  gus t  (Figure 11) i s  superimposed t o  r ep resen t  t he  small  s c a l e  
motions. Synthe t ic  wind p r o f i l e s  were cons t ruc ted  us ing  a 95 percent  
wind speed and a 99 percent  wind shear  va lue .  Envelopes of  t he  99 p e r -  
cen t  wind shear  f o r  va r ious  s c a l e s  of  d i s t a n c e  a r e  shown i n  Figure 12. 
To cons t ruc t  the s y n t h e t i c  p r o f i l e  w i th  g u s t ,  t he  95 percent  wind magni- 
tude i s  used wi th  a 99 percent  gus t  and a shear  reduced by 15 percent .  
These p r o f i l e s  were used as an a d d i t i o n a l  wind input  ( see  Figure 13). 

Gusts a r e  then combined 
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Figure 10. Wind Speed Envelope vs  A l t i t u d e  
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I V .  PROCEDURES FOR ANALYSIS 

Three approaches used f o r  determining v e h i c l e  responses  f o r  atmos- 
phe r i c  d i s turbances  a r e  (1) numerical i n t e g r a t i o n  of equat ions of motion 
on a d i g i t a l  computer, (2)  i n t e g r a t i o n  of equat ions of motion on an  
analog computer , ( 3 )  genera l ized  harmonic ana lys  is us  ing the  spectrum 
of turbulence.  The d i g i t a l  approach, because of i t s  h igh  accuracy,  is 
used as a check a g a i n s t  the  analog computer. However, because of the  
l a r g e  amount of machine time f o r  each wind p r o f i l e  (40 minu5es on the 
IBM 7094), only a few cases  could be run economically. The GPS h igh  
speed analog computer is  chosen as the  b a s i c  method of eva lua t ing  the  
responses of many p r o f i l e s  because of the  speed o f ' o u t p u t  p e r  t r a j e c -  
t o r y  run. The va r ious  computer c a p a b i l i t i e s  a r e  i l l u s t r a t e d  i n  Figure 
14. 

Four hundred and seven t r a j e c t o r y  s imula t ions  of two minutes r e a l  
time each can be made i n  about  f i v e  minutes of computer time. By time 
t ransformat ion ,  the events  on the computer take p lace  up t o  3000 times 
f a s t e r  than r e a l  time. Since the re  i s  an  i n t e g r a t i o n  f a c t o r  of 3000 sec-  
onds wi th  a maximum of 50 v o l t s  from the  a m p l i f i e r s  i n  r e p e t i t i v e  opera- 
t i o n ,  t h e o r e t i c a l l y  up t o  20 s o l u t i o n s  cou;ld.be obta ined ,  during one 
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second, from take-off  to cutof f  of the launch s tage .  
problem r e s u l t e d  i n  a running speed of about .001 r ea l  t i m e .  

Scaling o f  the 

The computer is composed of 50 i n t e g r a t o r s ,  50 summing a m p l i f i e r s ,  
350 c o e f f i c i e n t  potent iometers ,  20 quar te r -square  m u l t i p l i e r s ,  15 func t ion  
gene ra to r s ,  and 70  ampl i f i e r s .  Tape u n i t s  a r e  a v a i l a b l e  f o r  feeding i n f o r -  
mation i n t o  the  computer, f u l l y  synchronized wi th  the  v e h i c l e  s imula t ion .  
Each tape conta ins  seven t r acks  and is used f o r  wind inpu t s .  Solu t ions  
may a l s o  be recorded on these  tapes  [ 7 ] .  

The v e h i c l e  responses were s t a t i s t i c a l l y  analyzed using seve ra l  
a s p e c t s  of t he  computer's c a p a b i l i t y .  The p r o b a b i l i t y  of exceeding a 
c e r t a i n  response l e v e l  w a s  obtained by s e t t i n g  a va lue  on the  des i r ed  
response func t ion ,  then counting the  number of t i m e s  the  a c t u a l  v e h i c l e  
response exceeded t h i s  va lue  i n  f l y i n g  through the  whole ensemble of 
winds ind iv idua l ly .  To determine the  p r o b a b i l i t y ,  only one exceedance 
per p r o f i l e  w a s  counted and the  p r o b a b i l i t y  determined by d iv id ing  the  
number of exceedances by the  number of wind p r o f i l e s .  Changing the  
s e t t i n g  of t he  response f o r  the counter ,  another  p o i n t  on the  p r o b a b i l i t y  
curve can be obtained.  This process  i s  repeated u n t i l  the  complete curve 
is obtained.  The computer has the  c a p a b i l i t y  of counting exceedances on 
four  v a r i a b l e s  s imultaneously.  The p r o b a b i l i t y  w a s  determined f o r  a l l  
v e h i c l e  responses  f o r  t he  u n f i l t e r e d ,  f i l t e r e d ,  and turbulence wind 
ens emb 1 es . 

S t a t i s t i c a l  p r o b a b i l i t y  as a func t ion  of magnitude is determined by 
s imula t ing  the  f l i g h t  of the  v e h i c l e  through a l l  of t he  measured winds 
and counting the  number of p r o f i l e s  i n  which the  response exceeds a pre-  
s e t  va lue .  Establ ishment  of the  p r o b a b i l i t y  l e v e l s  f o r  any s e l e c t e d  
response parameter a l lows a ranking of t he  s e v e r i t y  of the wind p r o f i l e s .  
For d e t a i l e d  a n a l y s i s ,  p a r t i c u l a r l y  i n t e r e s t i n g  wind p r o f i l e s  may be 
captured on a recorder  wi th  closed-loop tape.  By p lac ing  the  computer 
i n  a r e p e t i t i v e  mode of opera t ion ,  t h i s  wind p r o f i l e  and i ts  responses 
can be analyzed i n  any des i r ed  d e t a i l .  

Addi t iona l  s t a t i s t i c a l  information can be obtained by computing the  
mean and va r i ance  of the  ensemble a t  var ious  f l i g h t  t i m e s  by sampling 
each p r o f i l e  and the  r e s u l t i n g  response a t  a s p e c i f i c  f l i g h t  time and 
computing the  va r i ance  and mean from the  r e l a t i o n s h i p s :  

n 

x = L  n 1 xi 
i=l 
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Thus, the var iance  and mean can be p l o t t e d  ve r sus  f l i g h t  time. 

Generalized harmonic a n a l y s i s  a l lows the  s t a t i s t i c a l  q u a l i t i e s  of 
a v e h i c l e  response t o  be computed d i r e c t l y  i f  c e r t a i n  r e s t r i c t i o n s ,  such 
as normali ty  of the  input  f o r c e ,  are met. I f  one cons iders  t h a t  t he  
equat ions r ep resen t ing  the dynamics of the veh ic l e  a r e  l i n e a r  and t h a t  
the  c o e f f i c i e n t s  a r e  f rozen  over a c e r t a i n  a l t i t u d e  band, these  condi- 
t i o n s  can b a s i c a l l y  be m e t .  These condi t ions  can be s a t i s f i e d  only f o r  
the  wind turbulence .  The output  spectrum f o r  t h i s  approach i s  

S x ( w )  = ITi(iw)I2 Sin(w). 

This express ion  shows t h a t  the  s p e c t r a l  d e n s i t y  Sx(w) of the  output  of 
a l i n e a r  dynamic system is equal  t o  the product of the  square of the  
modulus of i t s  t r a n s f e r  func t ion  and the s p e c t r a l  d e n s i t y  of the  input .  
Other s t a t i s t i c a l  q u a n t i t i e s ,  exceedances and p r o b a b i l i t y ,  can be c a l -  
cu la ted  d i r e c t l y  from the va r i ance  and s tandard  dev ia t ion .  These 
s t a t i s t i c a l  va lues  a r e  computed f o r  a l l  v e h i c l e  responses  f o r  the 
spectrum of the  wind turbulence.  The 30 standard dev ia t ion  va lues  of 
the  responses were compared wi th  r e s u l t s  obtained from the turbulence  
ensemble (see t a b l e  1). 

V. PARAMETERS FOR ASSESSMENT 

The i n t e r p r e t a t i o n  of a space v e h i c l e ' s  response t o  atmospheric 
d i s turbances  is very complicated because of the  i n t e r a c t i o n  of the  
var ious  components of the wind (magnitude, shea r ,  g u s t ) ,  v e h i c l e  dynamics 
( r i g i d  body, e l a s t i c  body, p rope l l an t  o s c i l l a t i o n s )  , and con t ro l  system. 
The assessment of the  var ious  a spec t s  of t h i s  i n t e r a c t i o n  depends upon 
a choice of v e h i c l e  parameters and proper s e p a r a t i o n  of the  wind com- 
ponent in f luences  versus  v e h i c l e  dynamics and c o n t r o l .  This is  accom- 
pl ished by appra isa l  of the va r ious  parameters necessary f o r  eva lua t ion  
of d i f f e r e n t  types of space veh ic l e s .  
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The eva lua t ion  of v e h i c l e  response t o  atmospheric d i s turbances  
cannot be genera l ized  t o  one v e h i c l e  parameter.  Nei ther  can i t  be 
reduced t o  a few genera l  s t u d i e s .  The many f a c t o r s  involved m u s t  be 
i n t e r p r e t e d  i n  terms of the cu r ren t  phases of the v e h i c l e  des ign .  
These var ious  a reas  a r e  categorized as (1) pre l iminary  des ign ,  (2)  
f i n a l  s t r u c t u r a l  des ign ,  (3 )  guidance and con t ro l  system design and 
opt imiza t ion  (prel iminary and f i n a l ) ,  and ( 4 )  opera t iona l  procedures.  

I n  each of these  design a r e a s ,  two problems a r i s e  which m u s t  be 
c o r r e c t l y  eva lua ted .  The f i r s t  dea ls  w i th  the cons idera t ion  of the  
s t a t i s t i c s  of the p r e d i c t a b i l i t y  of the  t o t a l  v e h i c l e  c h a r a c t e r i s t i c s ,  
such as aerodynamic fo rces ,  s t r u c t u r a l  weight c h a r a c t e r i s t i c s ,  and 
t h r u s t ,  and is  not  discussed i n  t h i s  paper.  The second concerns the 
type of v e h i c l e  being s tud ied .  One type of v e h i c l e  is a h ighly  
a c c e l e r a t i n g ,  s m a l l  v e h i c l e  t h a t  has, i n  gene ra l ,  a marginal con t ro l  
f o r c e  a v a i l a b i l i t y .  This con t ro l  force  a r i s e s  from j e t  t ab  and a i r  
vanes,  A t y p i c a l  v e h i c l e  i n  t h i s  c l a s s  is  the Pershing.  Because of 
the high long i tud ina l  a c c e l e r a t i o n  and o ther  s t r u c t u r a l  design con- 
s t r a i n t s ,  v e h i c l e s  of t h i s  type have no s t r u c t u r a l  load problem. I n  
f a c t ,  t he  v e h i c l e  has more than a n  adequate s t r u c t u r a l  margin f o r  any 
a n t i c i p a t e d  wind loading.  The over r id ing  c o n s t r a i n t  placed on the 
v e h i c l e  i s ,  t he re fo re ,  from the con t ro l  mechanism. The parameters 
f o r  eva lua t ing  v e h i c l e  response t o  atmospheric d i s turbances  n a t u r a l l y  
fo l low as d e f l e c t i o n  and d e f l e c t i o n  r a t e s  of the  con t ro l  devices .  

Another type of veh ic l e ,  represented  by Sa turn  V,  goes t o  the  
oppos i te  extreme. I n  t h i s  case ,  a l though adequate  con t ro l  fo rce  is  
a v a i l a b l e ,  the man-rating of the s t r u c t u r a l  i n t e g r i t y ,  a long wi th  the  
opt imiza t ion  of a l l  a spec t s  of t he  veh ic l e  design t o  maximum payload, 
fo rces  the designer  t o  consider  as a primary concern the  inf luence  of 
wind on s t r u c t u r a l  loads .  These loads should be t r e a t e d  as u n i t  com- 
p res s ive  and tens ion  loads.  I f  shear  forces  a r e  of s i g n i f i c a n c e ,  these  
must a l s o  be evaluated.  Thus, cons i d e r a t i o n  of opt imizing the  con t ro l  
system i n  terms of these  s t r u c t u r a l  loads fo rces  the  con t ro l  system 
design engineer  t o  consider  a l l  a spec t s  of the  v e h i c l e  design ( con t ro l  
and s t r u c t u r a l )  i n , a  system a n a l y s i s  s o  t h a t  v e h i c l e  s t r u c t u r a l  con- 
s t r a i n t s  a r e  not  v i o l a t e d .  Vehicles optimized using t h i s  system 
approach have more ope ra t iona l  f l e x i b i l i t y  because more seve re  t r a j e c -  
t o r i e s  can be flown without  endangering the  miss ion ,  and a t  t h e  same 
time, more launch days a r e  a v a i l a b l e  s i n c e  wind r e s t r i c t i o n s  a r e  not  
necessary.  

Another type of v e h i c l e  is  a combination of t he  above two, i n  t h a t  
both a l imi t ed  con t ro l  fo rce  and r e s t r i c t e d  s t r u c t u r a l  c a p a b i l i t y  a r e  
a v a i l a b l e .  The Sa turn  I t y p i f i e s  t h i s  group. I n  t h i s  case ,  a more 
d e t a i l e d  eva lua t ion  is necessary,  s i n c e  engine d e f l e c t i o n ,  engine 
d e f l e c t i o n  r a t e ,  and t h e  u n i t  compressive and t ens ion  load must be 
monitored. Operat ional  procedures become more complex s i n c e ,  i n  
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gene ra l ,  wind biased t r a j e c t o r i e s  m u s t  be flown, A l s o ,  a more compre- 
hensive prelaunch wind monitoring and veh ic l e  response t o  these winds 
m u s t  be conducted. F ina l  f l i g h t  dec is ions  m u s t  be made i n  terms of 
these  s imula t ions  and previous ly  acquired knowledge of veh ic l e  s t ruc -  
t u r a l  i n t e g r i t y ,  t o t a l  dynamics, and wind s t a t i s t i c s .  In  genera l ,  the  
inf luence  of wind on design can be evaluated i n  l i g h t  of the b a s i c  
parameters presented.  Two o the r  a reas  of concern m u s t  be examined f o r  
f i n a l  design assurance:  The f i r s t  is  a s soc ia t ed  wi th  the a m p l i t u d e  of 
p rope l l an t  o s c i l l a t i o n  i n  a tank. I n  t h i s  case,  o s c i l l a t i o n s  m u s t  be 
con t ro l l ed  s o  t h a t  amplitudes do not  cause an e a r l y  cu tof f  ( i n  case 
p rope l l an t  l e v e l  is  used as c r i t e r i a ) .  Second, i n  achieving des i red  
responses ,  s t a b i l i t y  margins of var ious  v e h i c l e  modes may be d e t e r i o r a t e d .  
I n  a l l  cases ,  a t rade-of f  m u s t  be made between des i r ed  response and 
des i red  s t a b i l i t y  boundaries .  This t rade-of f  can be made i n  terms of 
mission,  p r o b a b i l i t y  of occurrences,  e t c .  

One a d d i t i o n a l  design problem a r i s e s  i n  s e t t i n g  of a b o r t  l i m i t s  
f o r  s a f e t y  of the a s t r o n a u t .  In  t h i s  case ,  the  v e h i c l e  response t o  
malfunct ions m u s t  be s t u d i e d  f o r  various wind i n p u t s .  The parameters 
for  eva lua t ion  m u s t  become the output  of the  emergency d e t e c t i o n  senso r s ,  
such as r a t e  gyros.  The parameters necessary t o  eva lua te  a v e h i c l e  
response i s ,  t h e r e f o r e ,  a func t ion  of the design problem and the v e h i c l e  
type.  This s tudy  is  not  concerned wi th  a l l  these  problems, bu t  w i l l  
concent ra te  on the  s t r u c t u r a l  s i z i n g  and con t ro l  system opt imiza t ion .  

V I .  FUNDAMENTALS 

Although the v e h i c l e  r e a c t s  t o  a d is turbance  as a t o t a l  system, 
s i m p l i f i c a t i o n s  can be made i n  represent ing  the  dynamics, i f  the e l a s t i c  
body f requencies  a r e  h igh .  In  t h i s  case ,  b a s i c  understanding and pre-  
l iminary  design va lues  can be obtained by t r e a t i n g  the r i g i d  and e l a s t i c  
body s e p a r a t e l y .  

A.  Rigid Body 

The r e p r e s e n t a t i o n  of the veh ic l e  response as a r i g i d  body 
has b a s i c  a p p l i c a t i o n  i n  prel iminary design.  Using t h i s  representa-  
t i o n ,  i n  conjunct ion wi th  30 v a r i a t i o n s  of the  veh ic l e  parameters and 
a s y n t h e t i c  p r o f i l e ,  a l lows the determinat ion of b a s i c  response charac- 
t e r i s t i c s  and prel iminary s i z i n g  of the s t r u c t u r e .  This same s imula t ion  
a f f o r d s  i n s i g h t  i n t o  the  i n t e r a c t i o n  of v e h i c l e  dynamics and con t ro l  l a w  
s o  that gu ide l ines  f o r  con t ro l  system design can be determined. 
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The e f f e c t  of the  con t ro l  l a w  on response can be i l l u s t r a t e d  by 
the  r i g i d  body equat ions of motion: 

a = c p - k + h  v v  

p = a 0 cp + alQ + boa. (15) 

Since the  con t ro l  l a w  w r i t t e n  i n  t h i s  form i s  f a i r l y  gene ra l ,  i t  
is  r e p r e s e n t a t i v e  of s eve ra l  systems, For example, the  output  of a 
body-fixed accelerometer  can be expressed f o r  r i g i d  body motion i n  
terms of the  source of sensed a c c e l e r a t i o n s ,  (a,B), as 

This produces the same con t ro l  l a w  wi th  only a modi f ica t ion  of ga ins .  

The s o l u t i o n  t o  t h i s  s e t  of equat ions i s  obtained by using f rozen  
c o e f f i c i e n t s  (a conserva t ive  assumption, i n  gene ra l )  f o r  a representa-  
t i v e  wind input  which is  the s l o w  b u i l d - u p  wind (quasi-s teady wind p r o -  
f i l e )  o r  ramp .  The c h a r a c t e r i s t i c  equat ion of the system, i n  terms of 
v e h i c l e  parameters ,  is  used t o  ob ta in  these  s o l u t i o n s .  

a 1  
alc2 - - v - - v cz(ao + bo) + c1 - 7 ( c S z  - clK3)] 

- - 1 [-clKl + a o ( c g 2  - c1K3) - boc;K1]}= 0. 

V L  
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I A simpler  form i n  terms of the roo t s  

s, = 0 

I S3,4 = 0 k i w  

l is 

Equating c o e f f i c i e n t s  of powers of S between equat ions al lows 
the  express ion  of the roo t s  i n  terms of veh ic l e  parameters and con t ro l  
system ga ins .  A l o g i c a l  choice is t o  express  the con t ro l  s y s t e m  gains 
a. and al, and the d r i f t  f o o t  A, as a func t ion  of con t ro l  system ga in  
bo, con'trol frequency wc, and con t ro l  damping f c ;  t h a t  is, 

2 
-AwcB1 + 2B3c25 c c  w + hB3 - cS2w: 

a =  
2 2  

2 "c - A 2 - c  0 - 2 Ac 2c wc 

Ac2B2 + BlA2 + c z  B 3  

where 

(24) 



0 = - f c w c  (29) 

w2 C = o2 + w*. (30) 

Typical p l o t s  of A,, a,, and a,  f o r  the  maximum dynamic pres -  
s u r e  reg ion  of the  Sa turn  V space v e h i c l e  a r e  shown on f i g u r e s  15, 16,  
and 1 7 .  The d r i f t  r o o t  A, is s t a b l e  f o r  zero bo, bu t  moves toward 
i n s t a b i l i t y  as bo inc reases .  
zero is  the  w e l l  known d r i f t  minimum condi t ion .  Fur ther  i nc rease  
of bo i n i t i a l l y  moves A, toward i n s t a b i l i t y ;  however, the  e f f e c t  
asymptot ica l ly  approaches the  l i m i t i n g  va lue  of A ,  determined by the  
s t r a i g h t  l i n e  where bo = -c,/c,. 
in f luence  on the  d r i f t  r o o t  is  determined by the  angle-of -a t tack  ga in ,  

The bo va lue  that produces A ,  equal t o  

These r e s u l t s  show that the  b a s i c  

b0 

0 
b o '  0 

-.I 

Control Frequency 
wc ( r a d )  

.4 .6 .s 
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- A 1  
i 

Figure 15. A l  as a Function of Control System Gain, bo, 
Control Frequency, wc, and Damping, C c .  
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The only apparent  e f f e c t  on the  con t ro l  ga in ,  al,  is  the  damp- 
ing,  sc, and the  con t ro l  frequency, wc. The con t ro l  ga in ,  ao, increases  
as bo decreases  f o r  a cons tan t  frequency wc. Increas ing  wc increases  a, 
f o r  a cons tan t  ang le  of a t t a c k  ga in  bo. The s o l u t i o n  t o  the s e t  of d i f -  
f e r e n t i a l  equat ions can be formulated i n  terms of these  roo t s  and the  
system parameters.  Only one s o l u t i o n  w i l l  be formulated,  the  response 
t o  a ramp wind K t .  This is s u f f i c i e n t ,  s i n c e ,  f o r  t he  equat ions used, 
the  time d e r i v a t i v e  of the  ramp produces the  response t o  a s t e p .  The 
s o l u t i o n s  are no t  va l id  f o r  A, = zero,  s i n c e  a t  t h i s  p o i n t ,  a s ingu la r -  
i t y  is introduced i n t o  the  equat ions:  

- I- (a2 + w2) e 

A: - 2aA1 + a2 + w2 

where 

y ( t )  = f t2 - {a,(c&Z - C l K 3 )  - V ( 0 2  + w2 - 2Alo)} t 

- 
w(a2 + w2)3/2 (A: 20A1 + a2 + w 2 ) l l 2  

( K 2  + b0K3)]2 + w2[2a(K2 + boK3) + al(c&, - c1K3)]’>”‘ 
a t  e s i n ( w t  -q2) 

w(a2 + w2)3/2 (AX - 2aA, + a2 + w 2 ) l l 2  

(33) 

27 



I where 

I where 

-w(2a + a1c2) 
+ tan-, Y ( 3 6 )  

w W q3 = tan-’ - + tan-’ 
a 0 - A, a2 + alc2a + a c 2  + w2 

0 

+ alcla - b a* + bOw2]2 + w2[2boa - aoc1I2 [ao% 0 

W[ (02  + w2) (A: - 2A1a + a2 + w2) 11’2 
+ aOCl 

B(t)  = 
Al(a2 + w2) 
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where 

w(2b00 - alcl)  
+ t a n - l  W q4 = t an-1  + t an-1  

a u - A 1  aOcl + alcla  - boa2 + bow2 ' 

The bending moment is 

M (x) = M'a + M' B. 
B a B 

By de f in ing  

R(x) = Mk /M' B 

MB(X) = M' (R(x) a + B) B 

(39) 

4 + alclA1(R(x) - .1)+ aoc2(R(x) - 

[(a2 + a1c2a 
a t  e s in (wt  + $5) + 

w[(a2 + u2)(A: - 20A1 + a2 + w2)I1 l2  
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+ aocz - w2)2 + w2(2a + alc2)2] + (aocl + alcla - boo2 + bow2)2 

+ w2(2b00 - a0c1)' + 2R(x) [ (a2 + alcza + alc2 - w2)2 

+ w2(2o + a1~z)2]1 /2  [(aocl + alcla - boa2 + bow2)2 

+ w2(2b00 - aoc1)2]1/2 (cos qS cos $* + s i n  q3 s i n  q4) 

where 

J 
+ [ (aocl  + alcla - boa2 + bow2)2 + w2(2b0a - aoc1)2]1/2 cos q4 

+ [ (aocl  + alcla - boa2 + bow2)2 + w2(2b0a - aoc1)2]1/2 s i n  q4}] . 

When p l o t t e d  as a func t ion  of R(x), q5 changes very  l i t t l e  
(see Figure 18). Wri t ing the above equat ions as a func t ion  of R(x), 
a, w, Al,  y i e l d s  

I 
a t  e s in(wt  + q5). 
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Figure 18. Phase Angle q5 vs R(x) 

By taking the s p e c i a l  case of wc= 1 . 2  and sc = .707, the  
bending moment f o r  a s t e p  wind becomes, f o r  gyro con t ro l  (A, = -0 .031) ,  

%(x)  = -K M' e- '0722  [0.051 R2(x) + 0.12 R(x) + 0.09)1/2] s i n  (0.882t + y )  B 

Y ( 4 4 )  
-0 .03t  + K M' (x) (0.714 R(x) + 0.13) e 

B 

where 

0 . 2 2  R(x) + 0.3 
0.244 R(x) + 0.27 * 

y = tan-  (45) 

For the d r i f t  minimum case (A, = 0 ) ,  which was solved as a 
s p e c i a l  case ,  the bending moment is  
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I %(x) = -K M'(x)  [0 .174  R2(x) + 0.428 R(x) + 0 . 3 1 ) 1 / 2 ]  s i n ( 0 . 8 8 2 t  
I B 

+ 7) + K M' ( x )  (0 .64  R(x) + 0.113),  ( 4 6 )  B 

~ where 

0.21 R(x) + 0.452 
0.359 R(x) + 0.332 y = tan-'  (47 1 

S i n c e  f o r  most of t h e  s t a t i o n s  of S a t u r n  V v e h i c l e s ,  R(x) 5 0.3,  
@ c o n t r i b u t e s  t h e  major p a r t  of t h e  t r a n s i e n t  p o r t i o n  of t h e  s o l u t i o n  f o r  
the bending moment, while a n g l e - o f - a t t a c k  has  more i n f l u e n c e  on the q u a s i -  
s t e a d y - s t a t e  p o r t i o n .  Changing of t h e  d r i f t  r o o t  from n e g a t i v e  t o  z e r o  
i n c r e a s e s  t h e  a m p l i t u d e  caused by t h e  t r a n s i e n t  s o l u t i o n ,  b u t  d e c r e a s e s  
t h e  p a r t  caused by t h e  d r i f t  r o o t .  The cho ice  then  becomes one of t h e  
t r a d e - o f f  be.tween t h e  t r a n s i e n t  and s t e a d y - s  t a t e  s o l u t i o n .  This c h o i c e  
can be r e l a t e d  t o  changing t h e  g a i n s ,  s i n c e  by i n c r e a s i n g  bo, t h e  d r i f t  
r o o t  becomes more p o s i t i v e ;  t h i s  r educes  q u a s i - s t e a d y - s t a t e  l o a d s ,  b u t  
i n c r e a s e s  t r a n s i e n t  l o a d s  even more. I n  g e n e r a l ,  f o r  a r i g i d  v e h i c l e ,  
a n  o v e r a l l  load r e d u c t i o n  is  p o s s i b l e  by i n c r e a s i n g  bo. I 

B. E las t ic  Body I n f l u e n c e  

S i m p l i f y i n g  the e q u a t i o n s  of motion a l l o w s  a n  o v e r a l l  p i c t u r e  
of t h e  bending dynamics i n f l u e n c e  and u s e s  much l e s s  computer t ime .  
For t h i s  pu rpose ,  t h e  f o l l o w i n g  premises  were made i n  d e r i v i n g  t h e  equa- 
t i o n s  of  motion of the v e h i c l e :  

(1) A s p a c e - f i x e d  c o o r d i n a t e  sys t em was chosen w i t h  i t s  o r i g i n  
a t  the c e n t e r  of g r a v i t y  of  t h e  v e h i c l e .  

(2)  The a c c e l e r a t i o n  o f  t h e  v e h i c l e  is r e p l a c e d  by a n  equ iva -  
I l e n t  g r a v i t a t i o n a l  f i e l d  ( see  s e c t i o n  11). 

I ( 3 )  The bending modes were assumed t o  b e  uncoupled,  

( 4 )  The c o n t r o l  system e f f e c t  on bending f r equency  w a s  assumed 
t o  be  n e g l i g i b l e ,  w h i l e  t h e  e f f e c t  on bending mode damping w a s  i n t r o -  
duced as a d d i t i o n a l  s t r u c t u r a l  damping. 

( 5 )  The f o r c e s  a c t i n g  on t h e  bending modes were assumed to  
be due t o  the r i g i d  body a and B o n l y .  
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l -  

( 6 )  

(7). Curve f i t s  were used f o r  the  aerodynamic d i s t r i b u t i o n s .  

Time varying c o e f f i c i e n t s  were used. 

( 8 )  Gust pene t r a f ion  e f f e c t s  were assumed t o  be small, 

(9) Both f i l t e r e d  and u n f i l t e r e d  winds were used as fo rc ing  
func t ion ,  as we l l  as the  s y n t h e t i c  p r o f i l e .  

The equat ions der ived were the  same as f o r  r i g i d  body ca l cu la -  
t i o n s  f o r  r o t a t i o n ,  t r a n s l a t i o n ,  and angle  of a t t a c k ,  p lus  the  i n t r o -  
duc t ion  of the  bending equat ion which fol lows:  

i = 1 + 4  

Where 

With the  a d d i t i o n  of bending, t he  bending moment becomes 

4 
7 

To show the  e f f e c t  of the  bending dynamics on the  bending 
moment, t h e  r a t i o  of the  bending moment due t o  bending dyn?mics t o  
t o t a l  bending moment w a s  computed. 

R =  % ( t o t a l )  - % ( r i g i d )  

% ( t o t a l )  

This y i e l d s  the  fol lowing r e s u l t s ,  which show the  inf luence  of the 
e l a s t i c  body dynamics on the  bending moment f o r  va r ious  types of con- 
t r o l  systems (Figure 19) .  
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Figure 19. Rat io  Inf luence  of Bending Moment Due t o  
Bend ing Dynamics t o  Tota l  Bending Moment 

It is c l e a r l y  shown i n  t h i s  s tudy  t h a t  the  bending dynamics 
po r t ion  of the  bending mode becomes predominant a t  the  forward end of 
the  v e h i c l e .  The boos ter  and second s t a g e  a r e a  show a n e g l i g i b l e  
inf luence  of bending dynamics. A l s o ,  any inc rease  i n  accelerometer  
ga ins  increases  the bending dynamics e f f e c t .  This system can be made 
equiva len t  t o  the a l p h a  meter system discussed previous ly .  I n  t h i s  
case ,  the reduct ion  i n  bending moment due t o  r i g i d  body dynamics more 
than o f f s e t s  the  inc rease  due t o  bending dynamics, producing a s l i g h t  
o v e r a l l  r educ t ion  i n  moment. 

Some va r i ance  of the bending dynamics e f f e c t  w i th  f l i g h t  time 
is  caused by the  aerodynamic forces  a c t i n g  on the v e h i c l e .  However, 
i n  a l l  ca ses ,  the  con t r ibu t ion  of bending dynamics t o  the bending 
moment i n  the  s p a c e c r a f t  is  l a r g e ;  t h e r e f o r e ,  e l a s t i c  body e f f e c t s  
cannot be neglected i n  the v e h i c l e  a n a l y s i s .  

34 



V I I .  RESULTS 

A. Gross E f f e c t  of Ensemble Compared t o  Syn the t i c  P r o f i l e  

To o b t a i n  some i n s i g h t  i n t o  the genera l  c h a r a c t e r i s t i c s  of 
the v e h i c l e  response t o  the  wind ensemble, the  response t o  each 
ind iv idua l  p r o f i l e  is  superimposed on the response obtained by using 
a s y n t h e t i c  p r o f i l e .  Only one case f o r  the s y n t h e t i c  p r o f i l e  is  used; 
t h a t  is the  wind peaking a t  75 seconds f l i g h t  t ime, which i s  i n  the 
reg ion  of maximum dynamic pressure .  Figure 20, showing the wind 
v e l o c i t y  versus  f l i g h t  time f o r  t he  u n f i l t e r e d  wind ensemble, c l e a r l y  
i n d i c a t e s  t h a t  most of the ind iv idua l  wind p r o f i l e s  have a peak wind 
v e l o c i t y  l e s s  than the  s y n t h e t i c  p r o f i l e .  The average wind v e l o c i t y  
of the ind iv idua l  p r o f i l e s  f a l l s  below the wind v e l o c i t y  of the syn- 
t h e t i c  p r o f i l e  throughout the f l i g h t  regime, except  i n  the  e a r l y  p a r t  
of f l i g h t  (0 t o  30 seconds) .  Since the s y n t h e t i c  p r o f i l e  w a s  designed 
f o r  a 95 percent  "worst month" wind magnitude and 99 percent  wind shear  
and g u s t ,  these  r e s u l t s  a r e  expected. A l l  of the v e h i c l e  responses 
show t h i s  same genera l  behavior ,  w i th  most of the  responses  of the 
ind iv idua l  p r o f i l e s  being concentrated below the  response of the  syn- 
t h e t i c  p r o f i l e  wi th  g u s t .  The except ions a r e  the  bending mode d i s -  
placements, ang le  of a t t a c k ,  and bending moment (Figures  20, 2 1 ,  22), 
which show a s u b s t a n t i a l l y  higher  response f o r  the ind iv idua l  p r o f i l e s  
during the  f i r s t  30 seconds of f l i g h t  than t h a t  obtained using a syn- 
t h e t i c  p r o f i l e .  This is due t o  the l a r g e r  wind magnitudes of the  
ind iv idua l  p r o f i l e s  during the  f i r s t  30 seconds of f l i g h t  time. Since 
the  f l i g h t  time of major concern (maximum dynamic p res su re )  is ou t s ide  
t h i s  reg ion ,  these  d i f f e rences  a r e  n e g l i g i b l e .  The s ta tement  can be 
made from t h i s  genera l  approach that the s y n t h e t i c  p r o f i l e  should pro- 
duce a s l i g h t l y  conserva t ive  design and should,  i n  gene ra l ,  g ive  a 
r e p r e s e n t a t i v e  response.  

A comparison of the f i l t e r e d  winds wi th  the  s y n t h e t i c  p r o f i l e  
without  g u s t  shows the same t rends  (Figures  23, 24, 25 ) .  There a r e  
about  two winds t h a t  peak above the s y n t h e t i c  p r o f i l e  peak wind va lue .  
The response follows the same p a t t e r n  wi th  only one o r  two winds c r e a t -  
ing peak responses equal ing the response obtained from the  s y n t h e t i c  
p r o f i l e  wi thout  gus t .  The most no t i ceab le  change i n  response i s  from 
one wind t h a t  c r e a t e s  an  engine d e f l e c t i o n  response 30 percent  g r e a t e r  
than t h a t  caused by the  s y n t h e t i c  p r o f i l e  without  g u s t .  
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B. E f fec t s  of Wind Components on Response f o r  Gyro 
Control  Sys tern 

The inf luence  of the var ious  wind components on v e h i c l e  
response can be assessed  i n  many ways. A s  was s t a t e d  e a r l i e r ,  t h i s  
s tudy  a t tempts  t o  i s o l a t e  the wind components of many ind iv idua l  wind 
p r o f i l e s  t o  s tudy  t h e i r  e f f e c t s  on v e h i c l e  response f o r  s eve ra l  types 
of con t ro l  laws. Many ways of ob ta in ing  and r ep resen t ing  the r e s u l t s  
a r e  poss ib l e .  The ones used a r e  var iance  and mean of response output  
and p r o b a b i l i t y  output .  

The mean wind speeds of the f i l t e r e d  and u n f i l t e r e d  wind 
ensembles a r e  very  c lose  i n  magnitude throughout f l i g h t  time, w i th  the  
u n f i l t e r e d  wind ensembles always the  lower va lue  (Figure 26). The 
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Figure 26. Meanyvariance and Mean P l u s  3a f o r  Wind Ensemble vs  Time 

va r i ance ,  however, is  much l a r g e r  i n  the  maximum dynamic pressure  reg ion  
f o r  the u n f i l t e r e d  ensemble, thus i n d i c a t i n g  the  inf luence  of the  wind 
turbulence (Figure 27). There is very  l i t t l e  d i f f e r e n c e  i n  the  v e h i c l e  
engine response t o  the u n f i l t e r e d  ensemble and the  f i l t e r e d  ensemble 
i n  both the  mean and va r i ance .  This i nd ica t e s  a low s e n s i t i v i t y  of 
the  engine d e f l e c t i o n  response t o  turbulence ,  f o r  gyro con t ro l  only.  
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Figure 27. Meanyvariance and Mean Plus 30 f o r  Engine Def l ec t ion  vs Time 

The p l o t s  conta in  the  va r i ance ,  mean, and mean p lus  th ree  times the  
s tandard  dev ia t ion .  Since the  d i s t r i b u t i o n  is not  Gaussian, the  mean- 
plus-30 va lue  does not  produce a 99 percent  va lue ,  bu t  i t  does guarantee  
that a t  least  87 percent  of the  values  w i l l  f a l l  i n t o  t h i s  l e v e l  [9] .  

The bending moment a t  s t a t i o n  25 (Figure 28)  shows a lower 
va r i ance ,  mean, and 30-plus-mean f o r  t h e  f i l t e r e d  p r o f i l e s  i n  compari- 
son t o  the  u n f i l t e r e d .  However, t he  d i f f e r e n c e  between the response 
i s  small, showing a small in f luence  of the  turbulence on response of 
t he  bending moment a t  t h i s  s t a t i o n .  

A t  s t a t i o n  90, f o r  e igh ty  seconds f l i g h t  time, the  inf luence  
of tu rbulence  becomes l a r g e r ,  wi th  an  inc rease  i n  the  mean bending 
moment and the  mean plus  30 va lue  showing approximately a 30 percent  
i nc rease  due t o  the  wind turbulence (Figure 29).  The va r i ance  between 
the  u n f i l t e r e d  and f i l t e r e d  winds is very  c lose  i n  magnitude, the  main 
d i f f e r e n c e  i n  response becoming the change i n  mean va lue .  Although 
these  r e s u l t s  have shown some conclusive t r ends ,  the  computation of 
the var iance  and mean on the analog computer conta ins  inaccurac ies  
because of the use of many m u l t i p l i e r s .  The r e s u l t s  should the re fo re  
be i n t e r p r e t e d  i n  t h i s  l i g h t .  P a r t i c u l a r l y ,  the  va r i ance  should be 
i n t e r p r e t e d  i n  t h i s  manner s i n c e  the  small d i f f e r e n c e  between two 
cases  could e a s i l y  be caused by inaccurac ies  i n  the  computer. 
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F i g u r e  28. Mean, Variance and Mean P l u s  3 0  f o r  Bending 
Moment ( S t a t i o n  25) vs T ime  

F i g u r e  29. Mean, Var i ance ,  and Mean P l u s  30 f o r  Bending 
Moment ( S t a t i o n  90) vs Time  

44 



I .  

5 

Although a more accu ra t e  computation f o r  t h i s  computer is the  
p r o b a b i l i t y  of a response,  i t  is much too time consuming t o  eva lua te  as 
a func t ion  of time. Therefore ,  we compute the p r o b a b i l i t y  i n  terms of 
one exceedance per  p r o f i l e  i n  the high dynamic pressure  reg ion  of 50 t o  
80 seconds f l i g h t  time. P r o b a b i l i t y  can be computed i n  terms of an  
o v e r a l l  p r o b a b i l i t y  o r  the p robab i l i fy  of launching dur ing  a s p e c i f i c  
per iod of the  year ,  f o r  example, the worst  wind month. For t h i s  reason,  
r e s u l t s  w i l l  be presented f o r  the worst  month march)  a t  Cape Kennedy, 
F lo r ida ,  and f o r  the  t o t a l  wind ensembles, u n f i l t e r e d ,  f i l t e r e d ,  and 
turbulence ,  which a r e  measured over a two-year per iod.  Since the  MSFC 
s y n t h e t i c  wind p r o f i l e  has been widely used i n  v e h i c l e  des ign ,  r e s u l t s  
a r e  shown on the  graphs f o r  the s y n t h e t i c  p r o f i l e  wi th  and without  g u s t ,  

\ -  

Figure  30 shows that the  engine d e f l e c t i o n  is  inf luenced very  
1 i t  t l e  by turbulence ; 
2000p  (rod) 

.01 .5 

i . e . ,  about a 10 percent  i nc rease .  When the 

ENSEMBLE - I 
TURBULENCE --+TI 

20 50 80 90 95 98 99.9 99.99 
PROBABILITY IN PERCENT 

Figure 30. Engine Def lec t ion  vs  P r o b a b i l i t y  of Not Exceeding 

ensemble is compared t o  the  worst  month case ,  t he  inc rease  i n  response 
is  doubled (- 20 pe rcen t ) .  The s y n t h e t i c  p r o f i l e  produces a conserva t ive  
response va lue ;  however, the  response of t he  turbulence  ensemble (95 per- 
cen t  p r o b a b i l i t y )  is about  equal  t o  the  d i f f e r e n c e  between the  response 
of the  s y n t h e t i c  p r o f i l e  w i t h  and without  g u s t .  
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The r i g i d  body angle  of a t t a c k  shows approximately the same 
inf luence  due t o  turbulence (10 percent )  (Figure 31) .  The d i f f e r e n c e  
i n  an angle  of a t t a c k  due t o  the  s y n t h e t i c  p r o f i l e  wi th  and without  
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Figure 31. Angle of Attack vs  P r o b a b i l i t y  of N o t  Exceeding 

g u s t  is l a r g e r  than the  angle  of a t t a c k  obtained from the turbulence 
ensemble, i n d i c a t i n g  a s l i g h t l y  severe  g u s t  r e p r e s e n t a t i o n  on the  
s y n t h e t i c  p r o f i l e .  A good c o r r e l a t i o n  between the  s y n t h e t i c  p r o f i l e  
w i th  g u s t  and the  u n f i l t e r e d  ensembles is  obtained a t  the  99.9 percent  
p r o b a b i l i t y  l e v e l .  The s y n t h e t i c  p r o f i l e  w i th  g u s t  produces a va lue  
equal t o  the  99 percent  p r o b a b i l i t y  l e v e l  f o r  the March winds. 

The f i r s t  bending mode displacement a t  the v e h i c l e  nose (Fig- 
ure  32)  shows the same t rends as the engine d e f l e c t i o n .  The second 
bending mode displacement (vehic le  nose) (Figure 33) is similar a l s o ,  
However, i t  is s l i g h t l y  more s e n s i t i v e  t o  the wind turbulence.  

The response of the l i q u i d  i n  the  p rope l l an t  tanks (Figures  3 4 ,  
3 5 ,  3 6 )  i n d i c a t e s  the  same t rends .  For each of these  parameters,  the 
response d u e  t o  turbulence a t  any one p r o b a b i l i t y  l e v e l  can be added t o  
the response due t o  the f i l t e r e d  ensemble t o  produce about the  same 
response obtained from the u n f i l t e r e d  ensemble. The 99 .9  percent  
turbulence response va lue  approximates the d i f f e r e n c e  i n  response 
obtained from the  s y n t h e t i c  p r o f i l e  wi th  and without  g u s t .  
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Figure 32 .  F i r s t  Bending Mode Def l ec t ion  vs P r o b a b i l i t y  of Not Exceeding 

Figure  33.  Second Bending Mode Def lec t ion  vs P r o b a b i l i t y  of Not Exceeding 
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Figure 36.  Third S losh  Mode Def l ec t ion  vs 
P r o b a b i l i t y  of Not Exceeding 

The p r o b a b i l i t y  of a bending moment va lue  no t  being exceeded 
i n  f l y i n g  through an  ensemble of winds i s  shown on Figure 37 f o r  v e h i c l e  
s t a t i o n  25. The inf luence  of turbulence on t h i s  bending moment is  small, 
c o r r e l a t i n g  aga in  the  inf luence  of turbulence wi th  the  inf luence  of bend- 
ing dynamics on bending moment va lues .  When one p r o b a b i l i t y  l e v e l  of 
the v e h i c l e  response t o  the turbulence is added t o  the  same p r o b a b i l i t y  
l e v e l  of the  v e h i c l e  response t o  the f i l t e r e d  ensemble, the  r e s u l t i n g  
va lue  c l o s e l y  approximates the  response va lue  obtained f o r  the t o t a l  
ensemble. 

The s y n t h e t i c  p r o f i l e  w i th  g u s t  produces a response va lue  t h a t  
has approximately a 0.1 percent  p r o b a b i l i t y  of being exceeded i n  terms 
of t he  t o t a l  ensemble, and approximately a 1 . 0  percent  p r o c a b i l i t y  i n  
terms of March winds. S imi l a r ly ,  the s y n t h e t i c  p r o f i l e  wi thout  g u s t  
produces a response va lue  wi th  a 0.1 percent  p r o b a b i l i t y  of being 
exceeded i n  terms of the f i l t e r e d  ensemble. 

A s  w a s  expected, t he  inf luence  of turbulence a t  s t a t i o n  90 
(30 percent )  i s  much higher  than a t  s t a t i o n  25 (see  Figure 3 8 ) .  A s  
a l r eady  pointed o u t ,  t h i s  corresponds t o  a r eg ion  wi th  a l a r g e  inf luence  
of bending dynamics on the  bending moment. 
turbulence shows a l a r g e  concent ra t ion  of energy i n  the one t o  two Hertz 
reg ion  (Figure 9)  i nd ica t ing  the  source of e x c i t a t i o n  of bending dynamics. 

The s p e c t r a l  d e n s i t y  of the  
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F i g u r e  3 7 .  Bending Moment a t  S t a t i o n  25 vs 
P r o b a b i l i t y  of Not Exceeding 

F i g u r e  38. Bending Moment a t  S t a t i o n  90 vs 
P r o b a b i l i t y  of Not Exceeding 
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The t o t a l  u n i t  compressive load fol lows the  same t rend as the  
bending moment, except t h a t  the long i tud ina l  loading d i l u t e s  the bend- 
ing dynamics e f f e c t  (Figures  39, 4 0 ) .  A t  s t a t i o n  25, turbulence con- 
t r i b u t e s  only about  four  percent  t o  the  t o t a l  load.  The con t r ibu t ion  
of turbulence t o  the t o t a l  load a t  s t a t i o n  90 is approximately 10 percent .  

A v e h i c l e ' s  bending moment o r  load can be inf luenced s i g n i f i -  
c a n t l y  by wind turbulence.  The amount of in f luence  is  determined by 
the  frequency c h a r a c t e r i s t i c s  of the v e h i c l e  and of the turbulence.  
It was  shown t h a t  when these  frequency condi t ions  were met, the i n f l u -  
ence of turbulence could be r e l a t e d  t o  the  inf luence  of e l a s t i c  body 
dynamics on the t o t a l  bending moment. 
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Tota l  Load a t  S t a t i o n  25 vs P r o b a b i l i t y  of Not Exceeding 
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Figure 40. Tota l  Load a t  S t a t i o n  90 vs P r o b a b i l i t y  of Not Exceeding 

C.  Severe P r o f i l e s  

Addi t iona l  i n s i g h t  i n t o  the  turbulence e f f e c t  is gained i f  
p r o f i l e s  causing excess ive  bending moment values  a r e  i s o l a t e d .  Severe 
p r o f i l e s  were i s o l a t e d  using the bending moment a t  s t a t i o n  90. Two 
d i s t i n c t  types of p r o f i l e s  were found: (1) high wind magnitude and 
moderate wind shea r s ,  and ( 2 )  moderate wind magnitude and l a r g e  wind 
shea r s .  Both types of p r o f i l e s  were severe  using the  loading a t  sta- 
t i o n  90 as a n  i n d i c a t o r ,  b u t  only the l a r g e  wind magnitude p r o f i l e  
produced severe  loads a t  s t a t i o n  25. 

A t yp ica l  p r o f i l e  shows the bending moment a t  s t a t i o n  25 
r e s u l t i n g  from the h igh  wind magnitude wi th  o n l y  a n e g l i g i b l e  inc rease  
caused by the turbulence (Figures  41, 4 2 ) .  S t a t i o n  90, f o r  t h i s  same 
wind, shows a higher  s e n s i t i v i t y  t o  the turbulence compared t o  the  
mean wind magnitude. However, the inf luence  is s t i l l  moderate wi th  
the l a r g e  wind speed c rea t ing  a s u b s t a n t i a l  p a r t  of the load.  
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The low wind magnitude, high wind turbulence p r o f i l e ,  found t o  
be severe  a t  s t a t i o n  90 (Figures 4 3 ,  4 4 ) ,  shows l a r g e  e x c i t a t i o n  of the  
bending dynamics. The small mean wind va lue  of t h i s  p r o f i l e  r e s u l t e d  
i n  only moderate bending moment response a t  s t a t i o n  25. This pa r t i cu -  
l a r  p r o f i l e  produced the  l a r g e s t  bending moment va lue  obtained from the 
whole ensemble a t  s t a t i o n  90 (5.2 x lo5 Nm). The previous wind ( l a r g e  
wind magnitude) produced a bending moment va lue  of 4.8 x l o 5  Nm a t  t h i s  
s t a t i o n .  Of the  twenty most severe  wind p r o f i l e s  f o r  s t a t i o n  90, s i x  
were of t h i s  low wind speed, l a r g e  turbulence v a r i e t y  (Figures  4 3 ,  l A ,  
3A, 23A, 2 7 A ) .  It is obvious that t h i s  type of wind w i l l  in f luence  
ope ra t iona l  procedures.  That i s ,  a dec i s ion  t o  launch cannot be made 
on wind measurement a lone ;  i t  m u s t  inc lude  prelaunch monitor ing.  This 
prelaunch monitoring s imula tes  the  v e h i c l e  f l i g h t  through winds measured 
during va r ious  per iods before  the  pred ic ted  launch and determines launch 
dec is ions  as t o  s t r u c t u r a l  loads versus  s t r u c t u r a l  c a p a b i l i t y  using 
s t a t i s t i c s  of wind pe r s i s t ence  (Figure 4 5 ) .  

BENDING MOMENT INCLUDING 1.4 SAFETY FACTOR 
( I O 6  inch Ib) 
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Figure 45. Saturn  V F a i l i n g  Moment vs S t a t i o n ,  70 Seconds 
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These r e s u l t s  show the  necess i ty  of t o t a l  v e h i c l e  s imula t ion  i n  
prelaunch wind monitoring and show the f a l l a c y  of using wind magnitude or  
engine d e f l e c t i o n  and angle  of a t t a c k  as a c r i t e r i o n  f o r  making launch 
dec i s ions .  The a d d i t i o n a l  worst  p r o f i l e s  ranked a t  s t a t i o n  90 and the  
v e h i c l e  responses i n  the order  of s e v e r i t y  a r e  given i n  the appendix. 
Several  p r o f i l e s  of low wind magnitude, high wind shear  occur i n  t h i s  
upper 20 percent  grouping. 

The inf luence  of these  two types of wind p r o f i l e s  on the  engine 
d e f l e c t i o n  and angle  of a t t a c k  is  very pronounced. The l a rge  wind p r o f i l e  
produces l a r g e  ang le  of a t t a c k  and engine d e f l e c t i o n s  (Figures 41, 43) .  
The low wind magnitude p r o f i l e ,  however, produces small engine de f l ec -  
t i ons  and angle  of a t t a c k  a s  shown i n  Figures  41 and 43. 

D.  S m a l l  Duration Wind Disturbance Ef fec t s  on Control 
System Optimizat ion 

The inf luence  of wind shears  on con t ro l  system design is  more 
complicated t o  a s s e s s  than s t r u c t u r a l  loads.  Many f a c t o r s  a r e  involved; 
f o r  example, t rade-of f  of v e h i c l e  r e sponse  versus  stability margins. 
Again, t h e  e f f e c t  of turbulence on the r e s u l t s  corresponds t o  the reg ion  
of high bending dynamic inf luence .  Control ga ins ,  using an accelerometer  
optimized f o r  bending moment o r  t o t a l  load a t  s t a t i o n  25, show n e g l i g i b l e  
inf luence  of tu rbulence ,  i nd ica t ing  t h a t  a reasonable  r educ t ion  i n  bend- 
ing moment can be obtained by increas ing  the  accelerometer  ga in ,  g,. 
This is  i l l u s t r a t e d  using the f i l t e r e d  and u n f i l t e r e d  p r o f i l e s ,  w i th  
both showing approximately the  same percentage reduct ion .  The d i f f e r e n c e  
i n  t o t a l  va lue  is  due t o  the higher  peak winds of the u n f i l t e r e d  p r o f i l e s  
(Figures  46,  47) .  

A t  s t a t i o n  90, the inf luence  of turbulence is pronounced. Very 
l i t t l e  r educ t ion  i n  bending moment or  t o t a l  load is  poss ib l e  using the  
u n f i l t e r e d  p r o f i l e s ;  however, the  f i l t e r e d  p r o f i l e s  show a good reduc- 
t i o n  i n  bending moment as g2  increases  (Figures  48, 49) .  

The e f f e c t  is summarized by p l o t t i n g  the 99 percent  bending 
moment va lue  f o r  the th ree  wind ensembles versus  the r a t i o  of accelerom- 
e t e r  ga in  t o  p o s i t i o n  gyro ga in  (Figure 50). Also included a r e  the  
r e s u l t s  obtained using the spectrum of the  turbulence.  This f i g u r e  
shows t h a t  increas ing  the accelerometer  ga in  increases  the  bending 
moment f o r  the  turbulence p r o f i l e  while  decreasing the  moment f o r  the  
u n f i l t e r e d  and f i l t e r e d  ensemble, where the reduct ion  is  l e s s  f o r  the 
u n f i l t e r e d  ensemble. Turbulence or  small shears  must be included i f  
con t ro l  system ga ins  a r e  t o  be optimized f o r  forward s t a t i o n s .  S t a t i o n s  
where bending dynamics e f f e c t s  a r e  small show very  l i t t l e  change i n  the 
optimal ga ins  between the f i l t e r e d  and u n f i l t e r e d  winds. The e f f e c t  of 
small s c a l e  shears  on con t ro l  system design is the re fo re  d i c t a t e d  by the  
c r i t i c a l  v e h i c l e  s t a t i o n  f o r  which the ga ins  a r e  t o  be optimized. 

58 



Figure 4 6 .  Bending Moment a t  S t a t i o n  25 vs P r o b a b i l i t y  of 
Not Exceeding f o r  Tota l  Wind Ensemble and 
F i l t e r e d  Ensemble 
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Figure 47. Tota l  Load a t  S t a t i o n  25 vs P r o b a b i l i t y  of 
Not Exceeding f o r  Tota l  Wind Ensemble and 
F i l t e r e d  Ensemble 
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Figure  48. Bending Moment a t  S t a t i o n  90 vs P r o b a b i l i t y  of Not Exceeding 
For To ta l  Wind Ensemble and F i l t e r e d  Ensemble 

F igure  49. Tota l  Load a t  S t a t i o n  90 vs P r o b a b i l i t y  of Not Exceeding f o r  
To ta l  Wind Ensemble and F i l t e r e d  Ensemble 
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Figure 50. Comparison of Analog Resul ts  Using Detail  Wind P r o f i l e s  
w i t h  Generalized Harmonic Analysis Using Spectrum f o r  Turbulence 

I n  gene ra l ,  t h i s  can be determined only a f t e r  the s t r u c t u r e  has been 
designed. A t  t h i s  s t a g e  of des ign ,  the v e h i c l e  response is evaluated 
and compared t o  the s t r u c t u r a l  design va lues  t o  determine the  weak 
a r e a s .  I f  the weak a r e a s  occur i n  the forward t h i r d  of the  v e h i c l e ,  
turbulence should be included i n  the f i n a l  op t imiza t ion  of the cont ro l  
sys tem. 

The inf luence  of the turbulence i n  opt imizing the  con t ro l  s y s -  
tem ga ins  t o  response of engine d e f l e c t i o n  o r  ang le  of a t t a c k  is shown 
i n  Figures  51 and 52,. Increas ing  the accelerometer  ga in  reduces the  
engine d e f l e c t i o n  s i g n i f i c a n t l y  f o r  the  f i l t e r e d  p r o f i l e s  ( 2 0  percent )  
whi le  f o r  the u n f i l t e r e d  p r o f i l e s  engine d e f l e c t i o n  i s  reduced only 
8 percent .  I n  the turbulence ensemble, i nc reas ing  g2  inc reases  the 
engine d e f l e c t i o n  about  10 percent .  

There is very  l i t t l e  in f luence  on the ang le  of a t t a c k .  I n  a l l  
cases  increas ing  g, reduces the  angle  of a t t a c k  a maximum of 10 percent .  
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Figure  51. Engine D e f l e c t i o n  vs P r o b a b i l i t y  of Not Exceeding f o r  T o t a l  
Wind Ensemble and F i l t e r e d  Ensemble 
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Figure  52.  Angle of At tack  vs P r o b a b i l i t y  of Not Exceeding f o r  Total  
Wind Ensemble and F i l t e r e d  Ensemble 

(rod) 
I l l  1 1  I l l ' \  

-501 CONTROL SYSTEM 
W 
0 z 
W 
J 
3 

K 
3 
I- 

PROPOSED ACCELEROMETER 
CONTROL SYSTEM.g2 VARIES 

m 
g2 = o  --- 

____-_ g = . 0 3  
_._. g2 =05 

2 

2 
TOTAL WIND 

W u) 

z 
0 
fn 
W 

n 

a 

0 
ENSEMBLE c 

z 

~4 Y 
J 
LL 
W 

2 :  

I I 
-=-.> s-.-/ 

I 
.._ c -. 

G- c/ -- --TURBULENCE f 
W z 

A 0  w 
99.9 99.99 .5 5 20 x) 80 90 95 98 

62  



I -  

The t rends  a r e  summarized on Figure 53 which shows the  r e s u l t s  
obtained using a spectrum of the  wind turbulence.  Included i n  these  
r e s u l t s  a r e  the inf luence  of the  pos i t i on  gyro ga in  a, and the r a t i o  of 

0 .04 .08 .I2 .I6 .20 .24 
92/00 

Figure 53. E f f e c t  of Control System Gains on Engine Def lec t ion  
Using Spectrum of Wind Turbulence 

accelerometer  ga in  g, t o  the pos i t i on  gyro ga in  ao. 
bending moment, engine d e f l e c t i o n ,  and f i r s t  bending mode d e f l e c t i o n  
. i n c r e a s e  wi th  increas ing  accelerometer  ga in  g,. Increas ing  the pos i t i on  
gyro ga in  a. increases  the engine d e f l e c t i o n ,  bu t  decreases  the  bending 
moment ( s t a t i o n  90) and the f i r s t  bending mode displacement.  

A t  s t a t i o n  90, the 

These r e s u l t s  show t h a t  the  turbulence inf luences  the opt imiza-  
t i o n  of the  con t ro l  system ga ins .  Introducing angle  of a t t a c k  feedback 
i n  the form of a m e t e r  o r  accelerometer  can reduce the  engine response,  
angle  of a t t a c k ,  bending moment and t o t a l  load f o r  s t eady  s ta te  winds, 
and s lowly changing shea r s .  This same system increases  the  responses  
f o r  turbulence a lone .  

These same t rends  can be i l l u s t r a t e d  i n  another  manner by com- 
put ing the  mean and va r i ance  as a func t ion  of f l i g h t  time using accelerom- 
e t e r  ga in  g2  as a parameter (Figures 54 through 59) .  Increas ing  g2 reduces 
the  mean response f o r  bending moments a t  s t a t i o n s  25 and 90. I n  gene ra l ,  
t he re  is  a s l i g h t  i nc rease  i n  the  va r i ance ,  a l though t h i s  trend i s  no t  
conclusive because of probable e r r o r s  i n  computing var iances  on an analog 
computer. 
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E.  Comparison of Methods 

Syn the t i c  Syn the t i c  

Gust Gust 
Variable  wi th  without  

l -  

Unf i l t e r ed  F i l t e r e d  

The mer i t s  of the  va r ious  approaches f o r  handling wind inputs  
have been i l l u s t r a t e d  by showing va lues  obtained from (1) the  s y n t h e t i c  
p r o f i l e  w i th  and without  g u s t ,  (2)  u n f i l t e r e d ,  f i l t e r e d  and turbulence 
ensembles, and (3) the  genera l ized  harmonic a n a l y s i s .  The following 
t a b l e s  compare the  99.8 percent  va lues  obtained from the  ensembles wi th  
the  s y n t h e t i c  p r o f i l e s  and the  s p e c t r a l  a n a l y s i s  f o r  an  a t t i t u d e  con t ro l  
system. 

~ 

l$ (90) 0.59 0.45 0.57 0.44 

a I 11.74" I 9.8" 1 11.5" I 10.3"  

Syn the t i c  
wi thout  

Gus t 

0.45 

0.42 

B I 1 . 1 7 "  I 1.07" I 1.05" I 1.00" 
I I I I 

Unf i l t e r ed  F i l t e r e d  

0.57 0.44 

0.55 0.43 

Turbulence 

0.13 

0.13 

0.86" I 0.92" 

Generalized 
Harmonics 
Ana l y s  is 

0.14 

0.14 

0.055" 0.035" 

0.39 

* 
Bending moment (Mg) given i n  Nm x lo6. 

0.54 0.41 0.14 0.15 
__ 

0.13 1 0.14 

Syn the t i c  
w i th  

g 2  I Gust 

Acc. Gain 

0.05 I 0.47 

* 
Bending moment a t  s t a t i o n  90 given i n  Nm x lo6.  

The va lues  obtained from genera l ized  harmonic a n a l y s i s  a r e  
s l i g h t l y  conserva t ive  when compared t o  the  turbulence ensemble w i t h  the 
except ion of t he  engine d e f l e c t i o n ,  B. The s y n t h e t i c  p r o f i l e  w i th  g u s t  
produced a n  excess ive  bending moment a t  s t a t i o n  90 when compared t o  the  
u n f i l t e r e d  ensemble. Otherwise, a good comparison i s  obtained between 
the  s y n t h e t i c  p r o f i l e  (without g u s t )  and f i l t e r e d  ensemble, and between 
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s y n t h e t i c  p r o f i l e  (with g u s t )  and u n f i l t e r e d  ensemble. These r e s u l t s  
i n d i c a t e  t h a t ,  f o r  veh ic l e s  such as Sa turn  V, a good s t r u c t u r a l  design 
could be obtained using almost any combination of approaches which 
accounted f o r  the  g u s t  o r  turbulence.  

The inf luence  on the  opt imiza t ion  of con t ro l  systems f o r  t he  
var ious  methods of handling wind inputs  is  determined by comparing the  
bending moment a t  s t a t i o n  90 f o r  var ious  accelerometer  ga ins  (g2). 

Comparison of the  s y n t h e t i c  p r o f i l e  wi th  the  u n f i l t e r e d  wind 
ensemble a t  s t a t i o n  25 shows t h a t  the s y n t h e t i c  p r o f i l e  is  a good r ep re -  
s e n t a t i o n  of wind input  f o r  gyro con t ro l .  For d r i f t  minimum con t ro l  
(g2 = 0.03), the  s y n t h e t i c  p r o f i l e  is a good r ep resen ta t ion  of the  wind 
input  f o r  the  determinat ion o f . t h e  bending moment a t  both s t a t i o n s ;  
however, f o r  gyro c o n t r o l ,  i t  is  too severe  a t  s t a t i o n  90 where t h e r e  
is more s e n s i t i v i t y  t o  turbulence than t o  wind magnitude. Also,  f o r  
high load r educ t ion  accelerometer  ga ins ,  the  s y n t h e t i c  p r o f i l e  is too  
o p t i m i s t i c  a t  s t a t i o n s  t h a t  a r e  s e n s i t i v e  t o  turbulence.  The r e s u l t s  
i n d i c a t e  t h a t  the s y n t h e t i c  p r o f i l e  can be a very  use fu l  t oo l  once it 
has been v e r i f i e d  for  a par t icu lar  type of vehicle.  

F. Impact of R e s u l t s  on Launch Vehicle Design and F l i g h t  Operations 

This s tudy  of the Sa turn  V launch v e h i c l e  response t o  var ious  
a spec t s  of d e t a i l e d  wind components has shown the  n e c e s s i t y  f o r  a 

v e h i c l e s ,  I n  present ihg  the r e s u l t s ,  i t  has been t a c i t l y  assumed t h a t  
the  r eade r  understood the  response of the  veh ic l e  t o  the  quasi-s teady 
o r  mean wind speed, as i l l u s t r a t e d  f o r  a s p e c i a l  wind case f o r  the r i g i d  
veh ic l e .  The major emphasis has been placed on the  change i n  t h i s  b a s i c  
response due t o  e l a s t i c  v e h i c l e  dynamics and wind turbulence .  This sec-  
t i o n  d i scusses  these  impacts on s t r u c t u r a l  des ign ,  con t ro l  system o p t i -  
miza t ion ,  and f l i g h t  opera t ions .  

, r e o r i e n t a t i o n  i n  the  design and ope ra t iona l  philosophy f o r  launch 

The only r e a l i s t i c  approach t o  s t r u c t u r a l  des ign  appears  t o  be 
a complete system a n a l y s i s  of the v e h i c l e  dynamics and con t ro l  w i th  a 
good r e p r e s e n t a t i o n  of the  wind f i e l d  (magnitude, s h e a r ,  and g u s t ) .  
This is  due t o  the  e s t ab l i shed  inf luence  of bending dynamics and turbu-  
lence on the  bending moment and u n i t  compressive load.  Bending moment 
responses due t o  turbulence ,  i n  some cases  a r e  as much as 30 percent  
higher  than ind ica ted  f o r  the  nonturbulent  winds. 

The MSFC design p r o f i l e  is a s y n t h e t i c  r ep resen ta t ion  of the  
magnitude, shea r ,  and g u s t  of the wind. A s impl i f i ed  prel iminary 
ana lys i s  can be made using a r i g i d  body approach wi th  the  s y n t h e t i c  
p r o f i l e  wi thout  g u s t ,  p lus  r e s u l t s  from the  e l a s t i c  body system, using 
genera l ized  harmonic a n a l y s i s .  The r e s u l t s  obtained from the  t o t a l  
e l a s t i c  system would be added t o  the  peak values  from the r i g i d  body 
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response t o  obta in  the  design value.  
time s ince  3a spreads i n  vehic les  parameters must be considered i n  
obtaining the peak values  [ 8 ] .  
e r l y  account f o r  the phasing of a l l  veh ic l e  responses i n  ca l cu la t ing  
the  load,  the  r e s u l t s  should be more than adequate f o r  preliminary work. 

This method would save computer 

Although t h i s  approach does not prop- 

The f i n a l  v e r i f i c a t i o n  of the  s t r u c t u r a l  design should be made 
i n  terms of the  individual  p r o f i l e s .  The number and cross  s e c t i o n  of 
ava i l ab le  p r o f i l e s  mus t  be determined by the  design philosophy. 
example, i f  a worst  wind magnitude month was chosen, then only the  March 
winds would be used. 

For 

A s  was t r u e  f o r  s t r u c t u r a l  design i n  cont ro l  system optimiza- 
t i o n ,  only a complete system ana lys i s  with complete wind s t a t i s t i c s  is 
acceptable .  To da te ,  the b e s t  and most accura te  approach uses many 
de ta i l ed  wind p r o f i l e s  f o r  input .  Here again,  the choice of which 
p r o f i l e s  t o  use depends upon the design philosophy. The most econom- 
i c a l  approach appears t o  be the use of the s y n t h e t i c  p r o f i l e  with gus t  
f o r  a preliminary determination of the  optimum ga ins ,  using the individ-  
ua l  p r o f i l e s  f o r  f i n a l  adjustment and v e r i f i c a t i o n .  

The most s i g n i f i c a n t  impact on philosophy appears t o  be i n  the  
a r e a  of f l i g h t  operat ions.  The danger .of wind-biasing t r a j e c t o r i e s ,  
based on wind magnitude, is evident .  The l a rge  inf luence of turbulence 
on the  load i n  the spacec ra f t  could be d i sa s t rous  i f  a wind d i r e c t i o n  
r eve r sa l  (opposite t o  b i a s  d i r ec t ion )  occurred simultaneously wi th  a 
highly tu rbu len t  wind p r o f i l e .  Wind-biased t r a j e c t o r i e s  mus t  be used, 
therefore ,  i n  terms of the p robab i l i t y  of the  pers i s tence  of wind d i r ec -  
t i o n  f o r  launch da te .  

Se t t i ng  of emergency de tec t ion  system l i m i t s  f o r  a s t ronau t  
s a f e t y  r equ i r e s  the most re f ined  vehic le  model and wind data ava i l ab le .  
Since abort  o r  near-abort  conditions occur,in general,,for some component 
f a i l u r e  mode, the t o t a l  t r a j e c t o r y ,  veh ic l e  dynamics, and control  system 
must be simulated simultaneously.  Because so many veh ic l e  responses 
en te r  i n t o  the  s t r u c t u i a l  f a i l u r e ,  the  u n i t  compressive and tens  ion  load 
f o r  the  weakest s t a t i o n  mus t  be used as a c r i t e r i o n  f o r  s e t t i n g  abor t  
limits. Use of any o ther  c r i t e r i a  would be misleading because of the  
r ap id ly  changing r e l a t ionsh ips  between response parameters during m a l -  
funct ions.  Generation of the  u n i t  loads simultaneously with the  t o t a l  
s imulat ion produces the  co r rec t  phasing between these r ap id ly  changing 
response condi t ions,  thus producing the  a c t u a l  load experienced, and a 
more accura te  red- l in ing  of instruments.  Since timing is c r i t i c a l  f o r  
s a f e t y ,  knowledge of the  inf luence of the  t o t a l  wind f i e l d  is a neces- 
s i t y ,  e spec ia l ly  s ince  the  inf luence of the  wind on bending dynamics 
response is high. 
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Prelaunch wind monitoring is  becoming an  accepted procedure 
f o r  making launch dec i s ions .  
v e h i c l e  dynamics is not  adequate;  t o t a l  e l a s t i c  body must be used. 
Since the  d e t a i l s  of the  wind turbulence has i t s  g r e a t e s t  impact on 
t h i s  opera t ion ,  they must be accu ra t e ly  incorpora ted .  Accuracy of 
s imula t ion  and wind input  does n o t ,  however, a s s u r e  good launch dec i -  
s i o n s .  These can only be adequately determined by comparing the  induced 
u n i t  load (compressive and tens ion)  f o r  weak s t a t i o n s  versus  the  v e h i c l e  
c a p a b i l i t y .  The f a l l a c y  of using any c r i t e r i a  o the r  than u n i t  loads w a s  
c l e a r l y  shown i n  the  response t o  the  most severe  p r o f i l e s .  

The use of r i g i d  body r ep resen ta t ion  f o r  

CONCLUSIONS 

The use of t o t a l  v e h i c l e  dynamic model i n  conjunct ion wi th  a com- 
p l e t e  s t a t i s t i c a l  r e p r e s e n t a t i o n  of the  wind f i e l d  (magnitude, shea r ,  
g u s t )  is necessary f o r  s t r u c t u r a l  des ign ,  con t ro l  system opt imiza t ion ,  
and f l i g h t  opera t ions .  The inf luence  of wind turbulence was  shown t o  
be a function of the vehic le  e l a s t i c  body characterist ics ,  having 
inf luence  on the  load where e l a s t i c  body e f f e c t s  were high.  
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APPENDIX 

A e r o d y n a m i c  Coefficients 

L/ 2 

1 1 = - c' (x) Y .  (x) Y! (x) dx  + i; Czcd Y i ( x f )  Y j  (Xf)  
'i j . za 1 J 

4D0 - L / 2  

= 1. T2 C' (x) Y . ( x )  dx  + i; 1 Czaf Y j ( x f )  
Z a  J D .  

4D0 -L /2  
lo r  j 

L/ 2 

L/ 2 
1 1 - - - C' (x) Y'. (x) dx + 6 Czcd Y; (x,) 

Ei 4D- ZCX J 
" - L / 2  

L/ 2 
1 1 - - - 1 C' (x) Y'.(x) k(x) dx  + i; CzM Y ~ ( X , )  k ( X f >  

Z a  J E, 
4D0 - L / 2  

7 2  



. 

L/ 2 
-k 

Czcd X f  
k = 0, 1, 2 Ci-Jx) X -k dx + 1 1 

Fk 

-F Z -24 Fl s E  c, = - I c1 = - I 

K, = Fs/m 

Bending Moment Coefficients 

m'(x) (x - %) dx s M h = *  s - \) dx - K, 
k Xk X 

xV 

- C, s m'(x) (x - 5) (x - x ) dx. 
cg 

Xk 

X 

m ' ( X ) ( X  - X k ) ( X  - Xcg) dx JV m ' ( x )  (x - xk) dx + C, 

Xk 
M' B = -K2 s" 

Xk 

m' (X) (x - xk) (X - Xcg) dx 
m m m' (x) (x- - x$ dx +I s i  (xsi - x 

S i  m =g - 
Xk X 

k 
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Miscellaneous Def initfons 

Control Frequency 

Control Frequency Damping 

25 w -= alC, c c  

I Rigid Angle of Attack 

* v  
W a =  cp - $ + -  V 

I 74 



Equations of Motion 

Trans l a  t ion  

Rota t ion  

)@ + [(e, - SEGE) Y;(xE) - s Y. (x,) + tq Y. (x,) y j  
(I - I c o r r  E J  E J  1 

- {mEg Y.(x ) - SEg Y'.(x ) + 24;. + Y (x ) J E  J E  J j E  
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Swivel Engine 

Control Equation 

n -  - .  n 
xaq - -Y.(x$ V j  - ,++I. '- 

V J  
+ b O [ q - $ + c  j=1 j=1 

Rate Gyro 

n .. 

j =1 g g  

@Meter 

j =1 j=1 
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Bending 

Fuel S l o s h i n g  

j ;  + G f S @  + Y.(XfS) ij. + 'is - gcp - [ Y \ ( X f S )  q .  + + 2OfS C f s  ] is 
J J L I J  [ 
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